It is commonly assumed that, unlike dogs and cats, we humans do not make 2 ear movements when focusing our attention reflexively toward novel sounds or 3 voluntarily toward those that are goal-relevant. In fact, it has been suggested 4 that we do have a pinna-orienting system. Although this system became ves-5 tigial about 25 million years ago, it still exists as a "neural fossil" within the 6 brain. Consistent with this hypothesis, we demonstrate for the first time that the 7 direction of auditory attention is reflected in the sustained electrical activity of 8 muscles within the vestigial auriculomotor system. 9 Surface electromyograms (EMGs) were taken from muscles that either move 10 the pinna or alter its shape. To assess reflexive, stimulus-driven attention we 11 presented novel sounds from speakers at four different lateral locations while the 12 participants silently read a boring text in front of them. To test voluntary, goal-13 directed attention we instructed participants to listen to a short story coming from 14 one of these speakers, while ignoring a competing story from the corresponding 15 speaker on the opposite side. 16 In both experiments, EMG recordings showed larger activity at the ear on the 17 side of the attended stimulus, but with slightly different patterns. Upward move-18 ment (perking) differed according to the lateral focus of attention only during 19 voluntary orienting; rearward folding of the pinna's upper-lateral edge exhibited 20 such differences only during reflexive orienting. The existence of a pinna-orienting 21 system in humans, one that is experimentally accessible, offers opportunities for 22 basic as well as applied science. It could lead to a better understanding of the 23 evolution of auditory attention and support the near real-time decoding of audi-24 tory attention in technical applications, for example, for attentionally controlled 25 hearing aids that preferentially amplify sounds the user is attempting to listen 26 to. 27 Introduction 28 A review of research (Hackley, 2015) on pinna-orienting in humans identified three rel-29 evant findings scattered across the preceding 100-or-so years. The first was Wilson's 30 (1908) (Wilson, 1908) oculo-auricular phenomenon, in which shifting the gaze hard to 31 one side elicits a 1 to 4 mm deflection of the lateral rim of both ears. The relevance to 32 spatial attention is uncertain, though, because the relation between the side with the 33 largest ear movement and that to which gaze is directed has been weak and inconsistent & Hillyard, 1987) of the bilateral postauricular muscle (PAM) reflex (onset latency = 37 10 ms) to acoustic onset transients. Increased amplitudes were observed when subjects 38 directed their attention to a stream of tones on the same side as the recorded muscle 39 while ignoring a competing, contralateral stream. Comparisons across left/right stim-40 ulus, attention, and PAM combinations localized modulation to the motor limb of the 41 reflex arc. This pattern could indicate that the muscle behind an ear is primed when 42 attention is directed toward that side. Finally, a 2002 experiment (Stekelenburg & 43 Van Boxtel, 2002) found that the automatic capture of attention by unexpected sounds 44 coming from a speaker hidden to the left of the participant elicited greater activity in 45 2 Figure 1: Experimental setup. (A) Four loudspeakers presented novel sounds (Exp. 1) or stories (Exp. 2) at 30 • to the left or right of fixation or behind the interaural axis. Instructions, text, or fixation cross was displayed on a 55 in flat screen. (B) Surface EMGs were recorded bilaterally from four auricular muscles as well as from left zygomaticus major, frontalis, and sternocleidomastoideus, using a bandpass of 10 -1000 Hz and a sampling rate of 9600 Hz. Separation of paired auricular electrodes was 1 cm.
The contralateral-ipsilateral organization of our data set is justified by a preliminary analysis that obtained null effects for left-versus-right using a more complete factorial structure (left/right stimulus direction × left/right recording site).
The signal-averaged EMG waveforms of Fig. 2 show well-defined responses with A different pattern emerged for the other two muscles. Whereas TAM but not 139 was true for sustained, goal-directed attention. That is to say, mean EMG energy at 141 SAM was larger at the ipsi-than contralateral ear [F(1, 19) = 16.3; p = 0.001; η 2 p 142 = 0.46] in Experiment 2, but there was no such difference for TAM. Another main 143 effect indicated that activation of all four muscles was enhanced or at least tended to 144 be so when participants listened to one of the two speakers that were slightly behind 145 as opposed to in front of them [PAM, AAM, TAM, SAM: F(1, 19) = 5.7, 3.1, 8.1, 146 and 12.0, respectively; p = 0.03, 0.09, 0.01, and 0.003; η 2 p = 0. Given the time t i of a stimulus, we analysed 2 s video segments with pre-stimulus onset t i 0 = t i − 0.25 s. The frames at t 0 0 of the first stimulus (direction +120 • ) of the left and right recordings were manually annotated with four regions of interest (ROI) (left images). The centroid P 0 of the ROI located on the ear was used to track the pinna motion and the three centroids (P i ) 3 i=1 of the ROIs around the ears were used to define a basis B of a coordinate system where the coordinates of points on the ear are invariant under head motion. Each point inside the ROIs sampled as in the first frame was projected to the respective right camera frames and forward-warped with respect to the motion to the reference frame for all cameras. The motion magnitude is given as the norm of P 0 at time t i with respect to the basis B referenced to P 0 at t i 0 . On the right are the time courses of the mean motion magnitude and standard deviation over the stimuli (±120 • ) for the left and the right ear as well as the time course of the first stimulus from the right back speaker. This is the same trial that is portrayed in video 1 and video 2. Due to a large head rotation during the recording, the first −120 • stimulus was excluded from the evaluation. segments. It is notable that the described effect is less strong for the stimulation from the front as compared to back stimulation. This is to be expected for an attention effect, given that the front speakers were much closer together than the rear speakers. ulus. While some subjects display a large standard deviation, the mean angle during the measurements is always well below 5 • , indicating no bias to the attended direction. These data further support our claim that directionally-specific activity in the auricular muscles is not secondary to Wilson's (1908) oculo-auricular phenomenon.
Supplementary Tables
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The following tables summarize the statistical results when using gaze shifts and the 49 neck muscle activity additionally for the artifact rejection in the individual muscles 50 electromyograms. The results demonstrate that the inclusion of this information has 51 no major impact, strengthening the conclusions made from Experiment 2 -figure 52 supplement 3-6. 
